Two experiments were conducted to investigate the causes of the failure of orally dosed medium-chain triglycerides (MCT) in improving the survival of neonatal pigs. In Exp. 1, four litters consisting of 24 unsuckled neonatal pigs were either dosed with 6 mL/kg BW.75 of MCT or the dosing process was mimicked by inserting and withdrawing the feeding tube a t 10 and 18 h after birth. Blood 0-hydroxybutyrate concentration was increased ( P < .06) and the depletion of liver glycogen was reduced ( P < .05) by MCT. Plasma octanoate (C81 concentration peaked at 1 h and was minimized at 4 to 8 h after each MCT dosage; decanoate (C 10) concentration increased ( P < .001) gradually after each dosage.
Introduction
Often greater than 20% of neonatal pigs die before weaning (English and Morrison, 1984; Dyck and Swierstra, 1987; Lee and Chiang, 19941 , most within 3 d after birth (Glastonbury, 1976) . One of the major causes of this mortality is the insufficiency of the neonatal energy supply (Pettigrew, 1981; Bishop et al., 1985) . Thus, orally dosing a rapidly available energy source t o pigs may improve their energy status, and hence their survival.
Medium-chain triglycerides ( MCT) have fatty acids 6 to 12 carbon atoms long (Bach and Babayan, 1982) . These MCT can be effectively absorbed and oxidized by neonatal pigs (Chiang et al., 1990) to improve blood glucose homeostasis (Lepine et al., J. h i m . Sci. 1995 Sci. . 73:2019 Sci. -2025 1989; and energy status . However, research has indicated that MCT did not increase (Figueroa et al., 19891 , or could even reduce (Lepine et al., 1989; Lee and Chiang, 19941 , the survival of neonatal pigs. Recently, Wieland et al. (1993a,b) have indicated that emulsified MCT resulted in vomiturition, lethargy, and death in pigs. Medium-chain triglycerides have been reported to elevate the blood ketone body ( K B ) and mediumchain fatty acid ( MCFA) levels by severalfold (Odle et al., 1991) . Narcotic effects of KB in humans (Bach and Babayan, 1982) and octanoate (C81 in rats (Samson et al., 1956 ) have been reported. This could imply that MCT may cause the pigs to be less active, which in turn could increase mortality. Numeric data on the activity alterations induced by MCT in pigs are lacking.
Therefore, this study was designed to investigate whether the elevation of blood KB and(or) MCFA after MCT dosage causes a reduction in activity of pigs, which may eliminate the benefits of increased energy supply. The effects of MCT and coconut oil ( CO; a MCT source containing approximately 55% Cl21 on the survival of pigs also was investigated.
Materials and Methods
Experiment 1. Thirty-three unsuckled crossbred (Duroc x Landrace) neonatal pigs from four litters were removed from the sow. One pig from two litters was killed by electrical shock immediately after birth (to) and the liver was collected. The remaining 31 pigs were transported immediately to the laboratory. The sows from which the pigs were removed were individually fed in indoor gestation pens and were farrowed naturally in individual farrowing crates on a commercial swine farm near Taichung city. A cornsoybean meal-based gestation diet was provided once daily at 2 kg/sow and was increased to 3 kg/sow during the last 2 wk of gestation. Two pigs from four litters (except one pig from third litter) were killed at 10 h of age ( t 1 0 ) by electrical shock and livers were collected. The remaining 24 pigs (six pigs/litter) were ear-notched and weighed. Within each litter, pigs were allotted to either control or MCT groups alternately from lightest to heaviest. If the last pig in the first litter was assigned to the MCT group, then the first pig in the second litter was assigned to the control group, and so on, until all pigs were allotted to treatment. The pigs in the MCT group were dosed through a no. 12 french stomach tube (Terumo, Tokyo, Japan) twice (10 and 18 h of age) with 6 mL/kg BW.75 of MCT (MCT oil, Mead Johnson & Co., Evansville, IN). For pigs in the control group the dosing process was mimicked by inserting and withdrawing the tube at the corresponding time. The MCT oil contained 68.1% C8, 31.4% C10, .4%' C12, and .l% other fatty acids. The MCT oil was transmethylated by the method of Sukhija and Palmquist ( 1988) and its composition was determined by gas chromatography with flame ionization detection (Model G-3000, Hitachi, Tokyo, Japan) and a 30-m x .32-mm capillary column packed with DB-23 ( J & W Scientific, Folsom, CA). The oven temperature was held a t 50°C for 2 min then increased by 10"C/min to 180"C, maintained for 5 min, and further increased by 5"C/min to 240°C. The injector and detector temperature were 275°C and 3OO0C, respectively. The flow rates of Hz, NZ, and air were 20, 1.2, and 22 mumin, respectively. Fatty acids were identified by comparing retention times to a commercial standard (Supelco, Bellefonte, PA).
After each dose, pigs in each litter were kept in a circular pen (diameter = 1.5 m). Pen temperature was maintained at 31 to 35°C by a heat lamp. The time schedule of the treatments from 10 ( t 1 0 ) to 26 ( t 2 6 ) h of age is shown in Figure  1 . One to two milliliters of blood from each pig was drawn from the jugular vein at t10, t l l , t12, t14, t18, t19, t20, t22, and t26 with a 20-gauge needle into a disposable syringe containing heparin. Blood samples were immediately chilled on ice until centrifugation. After the last blood sample was drawn at t26, an aliquot (.6 mL) of the blood sample was taken to measure the P-hydroxybutyrate ( OHB) concentration by the method of Kientsch-Engel and Siess ( 1985) within 48 h of the collection. The remaining blood was centrifuged at 1,000 x g for 10 min immediately after the aliquot was taken and the plasma was collected and stored at -30 to -40°C. Plasma glucose was measured by glucose oxidase method with a glucose kit (catalog no. 315, Sigma Chemical, St. Louis, MO). Plasma MCFA concentration was measured by gas chromatography as described for determining the composition of the MCT oil. For quantifying purposes, C9 was used as an internal standard. Pigs were killed by electrical shock at t18 or t26 and livers collected. Excised livers with gall bladders were removed and frozen immediately in liquid N and stored at -30°C. Liver glycogen was measured by the method described by Benevenga et al. (1989) .
The behavior of each pig from t10 to t26 was recorded on videotape (JVC, Japan). For each time period (t10 to t l l , t l l to t12, t12 to t14, t14 to t18, t18 to t19, t19 to t20, t20 to t22, and t22 to t26) the first 30-min segment of the video was selected and examined and the frequencies of the following behavioral criteria were scored according t o a classification modified from Van Putten ( 1980): 1 ) standing: standing from lying position to the standing position; 2) walking: moving one of the front legs; 3 ) rooting objects: rooting against floor, wall, or other objects except other pigs; 4 ) rooting penmates: rooting against a part of the body of the other pigs; and 5 ) ear biting: taking one of the ears of a penmate in the mouth and chewing it. The average of the above criteria was taken to arbitrarily express the overall activity of the pigs. Liver glycogen data were analyzed using GLM procedures. The effects of treatment, litter, and age and the treatment x age interaction were included in the model. Blood criteria were analyzed using the repeated measures analysis in a split-plot design. The pig was the experimental unit. Pooled SEM of liver glycogen data was calculated using the harmonic mean of the number of observations for each treatment, because the number of observations for each treatment was not equal (Snedecor and Cochran, 1980) . Least squares means were compared using the probability values generated by the least squares means procedure. Activity measurements were analyzed by the chi-square test. Blood OHB, C8, or C10 vs their effects on pig's activity were analyzed using regression analysis.
All the analyses followed the procedures of SAS ( 1988).
Experiment 2. In the summer (49 litters, 485 pigs) and the winter (45 litters, 402 pigs) of 1992, a total of 887 crossbred (Duroc x Landrace) pigs from 94 litters were used. Sows were fed on the same commercial swine farm with the same facilities and feeding procedures as described in Exp. 1. Pigs' needle teeth were clipped and they were ear-notched, weighed, and dosed twice ( 10 to 14 and 20 to 28 h of age) with 6mL/ kg BW.75 of MCT, CO (Sigma Chemical), or saline. The CO contained 4.1% C8, 6.3% C10, 51.5% C12, 18.8% C14, 8.9%) C16, 2.7% C18, 6.1% C18:1, and 1.8% C18:2. The procedure of fatty acid composition measurement in CO and the rationale of the treatment assignments were the same as described in Exp. 1. After each dose, pigs were returned to the sows. Pigs' BW and mortality were recorded at 1, 2, 3, and 7 d of age,
Ten litters with a total of 94 pigs from the summer trial were randomly chosen. Pigs were processed and dosed as previously indicated. The weigh-suckle-weigh procedure (Lewis et al., 1978) was used to determine each pig's colostrum intake 0 to 8 h after each dose. Pigs were allowed to suckle 12 min each hour. Defecation and urination were enhanced by moving pigs t o a cool place before each weighing process. Pigs were returned to the sow immediately after weighing. Body weight loss caused by metabolism and evaporation was corrected using the factor described by Klaver et al. (1981) .
Eight litters, four from the summer and four from the winter trial, were chosen. Litter size was equalized to six pigs per litter. Pigs were processed and dosed as previously mentioned. The behavior of each pig was recorded on videotape 8 h after each dose (JVC). For each of four time periods ( 0 to 1, 1 t o 2, 2 to 4, and 4 to 8 h after each dose), the first 30-min segment of the video recording was selected and examined. The standing frequency and the time spent standing were recorded. The time spent suckling, including massaging the teat, and suckling and swallowing the milk also were recorded.
Data on BW of pigs were analyzed using GLM procedures. The effects of treatment and season were included in the model. Milk intake measurement was analyzed using repeated measures in a split-plot design. The pigs was the experimental unit. Pooled SEM of BW and milk intake data were calculated using the harmonic mean of the number of observations for each treatment, because the number of observations for each treatment was not equal (Snedecor and Cochran, 1980) . Least squares means were compared using the probability values generated by the least squares means procedure. Activity measurements were analyzed by the chi-square test. For mortality analysis, pigs were categorized by birth weight into two groups (small < 1 kg, large > 1 kg). Within each group and overall, the accumulated number of deaths among all the pigs was counted in each age and the frequency percentage of the mortality was analyzed by the chi-square test. All the analyses followed by procedures of SAS ( 1988).
Results and Discussion
Experiment 1. Liver weight ( P < .lo) and glycogen content ( P < . l o ) decreased dramatically as the pigs were starved from birth to t10; a less dramatic reduction was observed from t10 to t26 (Table 1) . The same curvilinear depletion pattern of liver glycogen was observed in suckling pigs from 0 to 48 h after birth (Okai et al., 1978) . The liver glycogen concentration remaining after 26 h of starvation in the present study (24.2%) was lower than the 30.6 and 59.0% after 24 h of starvation reported by Benevenga et al. (1989) ; however, it was much higher than the 14.3% remaining at the age of 24 h even when the pigs were allowed to nurse (Boyd et al., 1978) .
The liver weights and glycogen contents of pigs in the MCT group were similar to those of controls at t18, whereas pigs in the MCT group had liver weights and glycogen contents at t26 higher ( P < .05) than those of pigs in the control group (Table 1 ). This result indicates that MCT could conserve liver glycogen. The effect of MCT on conserving liver glycogen was observed in one trial but not in a second trial in the study by Benevenga et al. (1989) . There were no time or time x treatment interactions observed in plasma glucose and OHB levels; thus, the data were pooled over time and overall least squares means are provided (Table 2 ). There was no difference ( P > . l o ) in plasma glucose level between pigs in the MCT group and pigs in the control group. Higher ( P < .06) plasma OHB was observed in pigs dosed with MCT than in pigs in the control group ( mitochondria is independent of the carnitine acyltransferase system, which is primarily responsible for the control of fatty acid oxidation (Bremer, 1983) . After MCT administration, this uncontrolled entry into liver mitochondria may increase carbon flux through the beta-oxidation pathway and exceed the capacity of the TCA cycle to combust the acetyl-coA produced, leading to a concomitant rise in KE! production (Krebs, 1966; Bach, 1978) . The acetyl-coA produced could result in decreased pyruvate dehydrogenase activity, the citrate produced from acetylCoA further decreasing the phosphofructokinase activity, thereby slowing down glycolysis. This may account for the conservation of liver glycogen in pigs receiving MCT (Table 1 l.
The stimulation of gluconeogenesis by MCFA oxidation probably is the second reason for the conservation of liver glycogen by MCT;
however, it cannot be demonstrated in the present study. Although demonstrated clearly in rats (Pegorier et al., 1977; Turlan and Girard, 19831 , the fatty acid oxidation-gluconeogenesis interrelationship was not demonstrated in neonatal pigs (Lepine et al., 1991) .
The plasma C8 (Figure 2 ) of pigs in the MCT group changed ( P < .05) by hour after dosing; C8 concentration peaked a t t l l , 1 h after the first dose of MCT (t lo), declined from t l l to t14, and remained low from t14 to t18. Plasma C8 followed the same pattern of change after the second dose of MCT ( t 181, except a higher peak was observed at t19. Plasma C10 (Figure   2 1, conversely, accumulated steadily as time progressed ( P < .001). No detectable C8 or C10 was found in the plasma of pigs in the control group. The plasma C8 and C10 pattern after each MCT dosage was very much the same as that found by Odle et al. (1989) and Wieland et al. (1993b) . This pattern indicates that C8, but not C10, probably can be metabolized readily by pigs to form Kl3 (Table 2 ) and(or) can be further oxidized to produce energy (Chiang et al., 1990 ).
The exceptionally high peak of plasma C8 at t19 compared with t l l is probably related to the development of the ability of pigs to absorb fatty acids. Odle et al. (1989) also clearly illustrated that plasma C8 peaked dramatically 1 h after MCT dosage in 18-h-old pigs, but not in 6-h-old pigs. They indicated that a crucial developmental stage in fatty acid absorption possibly occurred between 6 and 18 h after birth.
The frequencies of standing and rooting objects were similar between pigs in the control and MCT groups, but pigs in the MCT group had lower ( P . 0 1) frequencies of walking, rooting penmates, ear biting, or overall activity (Table 3 ) .
No clear interrelationships ( P > . l o ) between plasma C8 ( r 2 = .13), C10 ( r 2 = .002), and OHB ( r 2 = .22) vs their effects on the pigs' activity were found. This result indicates that factors other than elevated plasma C8, C10, or KB derived from MCT probably are responsible for the reduced activity in neonatal pigs.
Experiment 2. Dosing 6 mLkg BW.75 of MCT or CO twice (10 t o 14 h and 20 to 28 h of age) reduced (MCT: P < .01; CO: P < .05) weight gain (Table 4) Figure 2 . Effect of dosing medium-chain triglycerides (MCT) on plasma medium-chain fatty acid concentration of pigs. Each point is the least squares mean of 12 observations from 10 to 18 h and of 8 observations from 19 to 26 h of age (Exp. 1). No detectable C8 or C10 was found in pigs in the control group. Age effect: (C8: P < .05; C10: P < .001).
Colostrum intake 0 to 8 h after dosage was reduced by MCT ( P < .O 1) but not by CO (Table 4) . These results indicate that orally administered fats, especially MCT, may reduce colostrum intake, and hence the weight gain of pigs immediately after the dosage. Contrary results have been observed in other studies. Benevenga et al. (1989) observed that milk intake of l-d-old pigs over a 10-h period was not reduced by a 12-mL MCT dosage. Lee and Chiang (1994) observed that weight gain of l-d-old pigs was not reduced by two doses of 6 mL of MCT/kg A sharp difference was noted in the mortality of small pigs (birth weight < 1 kg) and large pigs (birth weight > 1 kg), as well as opposing trends of response to MCT or CO (Table 5) , so the two groups were analyzed separately. No significant differences due to treatment were found before 7 d of age in either weight group. By d 7, dosing 6 mL/kg BW.75 of MCT Rooting objects 1.3 1.0 Rooting penmate' 11.2 4.6 Ear biting' 4.0 1.7 Overall activitvbc 10.5 6.0 aEach value represents the overall mean of 12 pigs. Eight measurements across 10 to 26 h of age in eight pigs and four measurements across 10 to 18 h of age in four pigs are pooled over time.
bOverall activity = the average of frequencies of standing, walking, rooting objects, rooting penmate, and ear biting.
'Control vs MCT differs ( P < ,011.
had not affected the mortality of small pigs but had increased ( P < .05) the mortality of large pigs. Dosing CO, however, reduced ( P < .05) the mortality of small pigs but did not affect the mortality of large pigs at d 7 of age (Table 5) . Overall mortality was not affected by either MCT or CO.
The lack of effect of MCT on the mortality of small pigs and its increasing of the mortality of large pigs also was observed in our previous study (Lee and Chiang, 1994) . The combined results of the present and previous (Lee and Chiang, 1994) studies, including 837 pigs from 117 litters, showed that MCT did not affect the mortality of small pigs (30.2 vs 34.8%) but it did increase the mortality of large pigs ( P < .05; 6.4 vs 1.7%) and overall pig mortality ( P < .07; 10.7 vs 7.2%). The reason for this phenomenon is not known, but it is probably related to the difference in the need for energy supply between pigs of different weight groups. The small pigs' greater need for additional energy (because of a lower body energy reserve and lower aggressive suckling) creates a situation in which the energy-supplying effect of MCT negates the narcotic effect, so overall the pigs' mortality is not affected. Large pigs' lower need for additional energy (because of a higher energy reserve and more aggressive suckling) allowed the narcotic effect of MCT to overwhelm its energy-supplying effect, thereby increasing mortality.
Dosing MCT or CO did not affect the standing and walking frequencies or the time spent standing and suckling in pigs (Table 6 ). This result is contrary to the result in Exp. 1 ( dSaline vs coconut oil differs ( P < .05).
The differences in physiological (i.e., colostrum) and environmental (i.e., sow) factors between suckled (Exp. 2 ) and starved (Exp. 1) pigs may be involved. Much higher standing and walking frequencies were observed in suckled than in starved pigs ( Table 6 vs  Table 3 ).
The results in Exp. 2 do not necessarily exclude a narcotic effect of MCT. In fact, 3 out of 3 1 (9.7%) pigs in the MCT group showed evidence of coma during the process of measuring colostrum intake. The comatose condition was not observed in either of the other two groups. Recent research has reported that 40 to 65% of pigs exhibited vomiturition and coma within 2 to 3 h after being dosed with 6 or 8 mL of emulsified MCT (Wieland et al., 1993a) , and 50% of the pigs studied died within 1.5 to 3 h after receiving 6 mL of emulsified MCT (Wieland et al. 199313 ). Different responses were seen between pigs dosed with MCT or CO. The inhibitory effects of CO on weight gain and colostrum intake in pigs were lower than those of MCT (Table 4) . Time spent suckling was higher ( P < .01) among pigs given CO than among pigs given MCT (Table 6 ). Dosed CO reduced ( P < .05) the mortality of small pigs at d 7 of age but did not affect the mortality of large pigs. This is the converse of the effect of MCT, which did not affect the mortality of small pigs but increased ( P < .05) the mortality of large pigs a t d 7 of age ( Table 5 ) . aEach value represents the overall mean of 16 pigs. Eight measurements across 10 to 26 h of age in each pig are pooled over time.
bMCT vs Coconut oil differs ( P c .01).
The difference in response is probably related to the different fatty acid composition of CO and MCT. Whereas C8 is the major fatty acid in MCT, C12 is the major and C8 a minor fatty acid in CO. Different absorption rate (Odle et al., 1991) and oxidation rate (Chiang et al., 1990) between different fatty acids might have a different effect on pigs. The lower the inhibitory effect on suckling and colostrum intake, the greater the chance that the energy-supplying effect of CO would be expressed, thus increasing the likelihood of reducing mortality in pigs, especially among small pigs who need energy the most.
Implications
Orally dosed medium-chain triglycerides conserve liver glycogen stores and hence may improve the energy status of neonatal pigs. However, mediumchain triglycerides cause neonatal pigs to be less active, which may reduce their vigor and colostrum consumption, thereby reducing their survival. Factors other than elevated plasma octanoate, decanoate, or ketone bodies derived from medium-chain triglycerides may be responsible for the reduced activity in neonatal pigs.
